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Large Scale Structure
of the Universe

Galaxy Surveys

Galaxg Surveysz

Luminosity
Function
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Galaxg Survcys

° Galaxics, Groups, Clustcrs&»SuPcrclustcrs:
Tracers of Structure in the (Jniverse
o discrete tracers of undcr]ging dcnsitg field:
N(x) © p(X)
o [air or Piased T racer ?

Galaxg Survcgs

¢ |deal Sample:
- all sample Points have cxactlg the same Propcrtics
over comPlcte “survcg volume”
e [However ..
galaxies have different luminosities, sizes, etc.:
~ systematic influence on distribution as function of
dcpth

- do galaxg Propertics chcnd on environment ?
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Galaxg Survcys

e Various selection criteria:
+ magnitudc-limitcd
+ angular diameter - limited

. Galaxg distribution as tracer cosmic structure:
+ requiremcnt to understand selection !ﬁ(rﬂ,(p,v,T):
samPling rate of galaxics at
distance r
skg position 0,0
{:rec]uencg v

galaxg tch T

e Most convenient and best controlled:
+ selection on basis luminosit_q/brightncss

Largc varictg o{:{jgalaxies
-~ ranging rom dwarfs to giant c”iPticals
-~ Iargc range of luminositg/brightncss

Luminositg distribution:
dn(L) = o(L)dL
number dcnsit9 omcgalaxics with luminositg

[L,L+dL]

F5 Luminosit9 distribution may chcnd on various
galaxy Propc:rtiesJ such as morphological type




Schechter Luminositg Munction

\/cry good aPProximate exPression for the
galaX9 luminositg distribution:

. 5chcchtcr | _uminosity [unction:
v,

(L) -L/L
o(LydL=¢") = ’

ok

° Faramctcrizec] ]33 3 Paramcters:

P*: normalization densitg parameter
L. characteristic luminosity
a: faint-end s]oPe

SCheclﬂtcr Function

Luminosity Function Estimates for 221K 2dFGRS
T T T T
0.3, A,=0.7 at z=0 30 normalization, zeropoint and

(2+62%)/(1.0+8.922%) evolutionary uncertaintiess —

‘QU -
]
E
T
9]
ED" .
- STY Schechter
- M.—5log h 19.739 « 1.16 ¢.=0.0153h3Mpc?
~
% -4 Schechter convolved with magnitude errors: I
‘—; convolved with errors, deconvolved
0 I —Eloo M5 _ 4 3] =3
g” M.-5log h 19725 a 1.18 ¢,=0.0148h*Mpc \
~ _5t +0.067 +0.02  +£0.0008h*Mpc-? h _
N.B. ¢, values are not corrected for the \\
approximately 9% incompleteness in the 2dFGRS parent catalogue \
— 1 1 1
-14 -16 -18 —-20 -22

M, - 5log, h
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Schechter Luminositg Munction

e Mean space dcnsitg gal’s:
(n)=[HL)dL=¢ ["s"eds = ¢'T(a +1)
0

~ (Gamma function: T'(z) :J‘tzfleftdt
0

- Notice: divcrgcnt if a<-1
(infinite contribution faint ga]’s)

e Mean Luminositg (from cosmicvolumc)

(L) = j L(L)dL = ¢°L, jo s@Ve*ds = ¢" L. (r + 2)

Schechter Luminosity Function

e 2d[FGRs luminosity function:
M. =-19.725
a=-1.18
¢ =0.0148 Mpc™

bright (Galaxies determine the Iuminositg (stars)
in a cosmic volume 111!
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Surveg Depth

° Most galax3 surveys defined b9
aPParcnt magnitudc limit my

. A" galaxies having an apparent brightness highcr

than that corrcsPonding to my, are included in
survey

o Dcpcnc}s on

~intrinsic brightness/absolute magni’cuclc M
~ (luminositg) distance dL

(- k-correction: shift galaxg spectrum as function redshift z)
] Absolutc Magnitudc <—>APParcnt Magnitude
M =m-5logd, (z) -25-k(z)

Survcg Dcpth

e [For a survey with magnitudc limit My

o Atdistance dL (MPC) one can see galaxics
brightcrthan:

Mjm =My, —5logd, (z) —25-k(z)

° Survcg Depth dsur:

distance out to which one can see an

M* galaxg:
logd,, =0.2(m

i — M, )+5+0.2k(2)



5urvc:3 Dcpth

Depth Survey

f

Increasing number
of galaxies because
of

increasing volume:

N(z) dz o« z2dz

1000

0 0.05 0.1

Redshift z

Diminishing number
as only galaxies
brighter than M, can
be seen:

sampling the
exponential fall-off
of Schechter function

5urvcg Dcpth

ACDM PSCZ+NGB mock catalog

d,,- [0-30], [30-58), [55-70], [70-85], [B5-100]h"! Mpc

Theoretical Example:

Galaxies in PSCz
catalogue, at
different depths
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5‘(9 M8P5=

WOI"lCl a" around us

Shapley-Ames catalog (1932) of nearby galaxies:
All-sky survey of galaxies to m=18.3
0 >-23°
® numerous concentrations:
groups and clusters (incl. \/irgo clustcr)
® asymmetry between north and south:
many more galaxies on northern sl(g
° consPicuous concentration a]ong aline
running tl—rrough richest nearby cluster,
the Virgo cluster:
o The Supcrgalactic Plane
(First identified bg de Vaucoulcurs:
the Plane of ourown Local Superclustcr)
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The Local Superclustcr

End-on View of the Local Supercluster:

=, —=— Planet
Earth

Centaurus

~ Hydra I
Cluoster

Polar View of Local Supercluster:

LY

h
Planet
Earth

Centaurus

QOurl ocal Group finds itself
located at the outer regjon of

a largc supcrclustcr region,

o the “Local Supercluster”,

® a large flattened mass
concentration~ 10 h-! MPC
in size,

e centered on one rich

clustcr, the Virgo cluster

QOur] ocal GrouP finds itself

located at the outer region of

a large suPerclustcr region,

the “Local Supcrclustcr”,
El Iargc flattened mass
concentration ~ 10 h-! Mpc
in size,

centered on one rich

cluster, the Virgo cluster
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million galaxics

Shane-Wirtanen map:

On the basis of the Shane-
irtanen counts,

P.J.E. FPeebles Produccd a
map of the 5k3 distribution of

1 million galaxies on the skg:

(] Clcarly visible are clusters

e hintof Filamentary 1L.S5S

Featurcs, cmbeclcling clusters

AFM survey

5&3 map:
2x1 Oégalaxics
17<m<20.5
Unimcormly defined
5&3 region: 4300 sq. deg.
185 (JK Schmidt Plates, 6°x 6°

° ]rarge inl’xomogcneitics, hints of weblike patterns, with
clusters at densest rcgions.
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s of the

Locaf ( Iniverse
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| ocal Views

NORTHERN REDSHIFT REDSHIFT
i 0-999.

Tong Fairall's nearby LSS map: Local Supercluster clearly visible at v< 999 km/s

REDSHIFT SHELL REDSHIFT SHELL

5000 - 5999... | 4000 - 4998

GANIS MAJOR

r

Tong Fairall’s ncarbg 1L.S5S map: at cz=5000-5999 km/s clear views of

local cosmic web
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Thc Cqsmi; ch

ended Sources ..

14.0 mag
el

Looking around us we alrcady see the unmistakable signatures of an intriguing
foamlike matter distribution in our immediate Cosmic Vicinity‘

]dentity of | ocal Structures a]ong local C osmic Web.

2MASS Local Universe ~ +90°

s Supercluster
1 Galactic Center

13
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2M ASS survey
ZMASS a”~sl<5 survey:

ground—bascd near-infrared survey whole skg,
JC.2 pm), H(1.6 um), K(2.2 pum)
ZMASS extended source catalog (X5C)

1.5 million galaxics

unbiased samPle nearbg galaxics

Photomctric redshifts: dcpth in 2MASS maps,

“cosmic web” of (nearbg} 5uPcrclustcrs sPanning
the entire skg.

ZMASS ‘smic Web

Looking around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.
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ZMASS h_(;c‘)smic Web
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2MASS XSCz e
0<2<0.01 .
\ [

Looking around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

2MASS ngmic Web
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IMASS XSCz
0.01<z<0.02

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

1/18/2013
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2MASS GOsmic Web
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Looking around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

2MASS ’gosmic Web

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

1/18/2013
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2MASS Cosmic Web

2MASS XSCz
0.04<z<0.05

Looking around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

2MASS Cosmic Web

0.05<z<0.06

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.

1/18/2013
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2MASS XSCz
0.06 <z <0.07

Lool(ing around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

ZMASK?:Cosmic Web

IMASS XSCz .
0.07<z<0.08

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.

1/18/2013
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2MASS Cosmic Web

2MASS XSCz
z>0.09

Looking around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

Large Scale Structure in the Local Universe

Bootes

wntration

are (
eated by T. Jarrett

1/18/2013
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Ga]axg
R edshift 5urv<-:95

Galaxy Redshift 5urvegs

e [Tor obtaining 31D maps of the galaxg distribution:

measure sPatial location o{:galaxies:
~ position on the skg (@,0)

- distance r

e Determination real distance r owcgalaxg very
cumbersomc, reasonablg accurate estimates on|9

for nearb als ...
Yy 8

. Common aPProximatc method:

cxPloit Fubble exPansion of the (Jniverse

1/18/2013
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Galaxg Redshift 5urvcys

You’re receding
R N

)\obs - )\('m - @ Pl

AI' m P AN @ [ 3
Buipagsed ai noj

Galaxy Redshift 5urvcgs

o Hubble E_xpansion:

galaxg at distance r

has redshift z
(c: wvel. ]ight; [H: Hubble constant)

o Redshift of galaxics can be much more casily
determined than distance:

Galaxg SPcctrum

21



{ Galaxg Redshift Survcgs

—/

Mﬁp ‘.P;WW“JWMMW __,.Jl
"Jn"fvﬂ(l s

W P"r‘“ N il i '\F"'Ilw\v.u,. |""f"\r*nnu~w‘”\"*'-—-r-m&w\ ‘l.__,L =
il

ileede ww-d Mﬂm:_:
hﬂmwm %

WW‘MW -lk R

i,

4000 5000 BO00 7000 8000
Wavelength (Angstroms)

Examples of redshifted galaxy spectra

MaPPing the ( Jniverse

de LaPParcnt Geller, and Huchra (1 986),
ApJ;302, L1

1/18/2013
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Redshif’c SPace Distortions

Rcdshhct Distortions

e |n realitg, galaxics do not cxactly follow the

Hubble flow:

|n addition to the cosmological flow, there are
loca”g induced velocitg comPoncnts in a galaxg’s
motion:

CZ = Hr+v,

the galaxg’s Pcculiar vclocitg Voec

° As a result, maps on the basis of galaxg z do not
reflect the galaxics’ true sPatial distribution

1/18/2013
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Redshift Distortions

J

Origin of Pecu|iar velocities:

three regimes

® very high-clcnsity virialized
cluster (core) regions:
“thermal® motion in cluster,
up to > 1000 km/s

“]:ingcrs of Goc]”

. co"apsing ovcrclcnsity
(Forming cluster):
inflow/infall vclocity

. Largc scales:
(inear, quasi~lincar) cosmic flow,
manifestation of structure grow’cl-n

Real space:

— O

Squashing effect

Linear regime

Collapsed

Turnaround

Collapsing

Finger-of-god

Redshift space:

Fingcrs of (God

CZ = Hrclust

Galaxy velocity /

component along
line of sight

—— 21 deg —P

“finger”
transformed
into gaussian

sphere

Coma Cluster :
z=10.023 (6900 km/s) -
390 sources modified

1/18/2013
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Fingcrs of (God

(lusters of galaxics:

Mass: 10'*-10"" M,
Radius: ~ 1.5 MPC
Overdensity A~ 1000

Thcrma| vc|ocit3: ~ 1000 km/s

Jnternal cluster ga|ax3 velocities
visible in Prcjcction a|ong line of sight

e “r:ingcr of God*

- 2deg =

before

“finger”
transformed
into gaussian

sphere

Abell 3558
2=0.048 (14,400 km/s)
279 sources modified

Nonlinear

]mca” Fattcrn

{a)

REAL SPACE (b) REDSHIFT SPACE

Clustcr ]n{:a”:

Matterin surroundings Fa"ing
in onto cluster:

« infall velocities up to 1000 km/s
radia"y dec|ining:

« velocities decrease as distance

to cluster centre increases - &

. fro‘jcctccl radial vclocitg =1
unction ofang|e & distance
wrt. cluster centre.

. tn'Plcf-va|uc regjon redshift space:
- within turnaround radius,
a Particular redshiftz
may corrcsPond to3 spatia|
Positions

radial velocity

MRS LR R

P BTRTEET SR A

@
=]
=1

-

146 150 155
distance

=
1

1/18/2013
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Nonlinear |nfall Fat’cem

Cluster C austics:

Three-value regjon clusterinfall:

Frgjcc’cion onto restricted con&shapcd
redshift space regions around clusters

E nclosed within caustic surfaces

Position caustics chcndcnt on Q

radial velocity
g

il [i

e 3

E .

1] PRI I ST S S (S S S

a 2 -]
@ (in degrees)

PFINIPE NS e el B P e

La rge Scalc f:lows

La rgc-Scalc I:lows:
+On |argc (MPC) scalcs,

structure formation
still in linear regime

* Structure builclup
accomPaniecl
l:y clisP|accmcnt of matter:
- Cosmicflows

. Dircct|y related to
cosmic matter distribution

eln Princi le possible to
correctfor this distortion,
ie. to invert the map| ing
from real to redshi space

» Condition:

entire mass distribution vix,t) =

within volume should

l]C maPPCd

H f({,)

f I \
i (' — x)
a /dx' Sgat (X', ) ———

|x1_xil

1/18/2013
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| a rgc~5ca|c Flows:

Theinduced largc scale
Pccu|iar velocities translate
into extra contributions to

the redshift of the galaxics

ComParc
“real spacc” structure vs.
“redshift space” structure

Distance (10/h Mpc)

a0

3
UNSELECTED

SELECTED

(s 000L) Ayoofan,

VS. \/olumc L

imited

1/18/2013
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Magnitu&e vs. Volume limited Survcys

e Two different 5amPling aPProacl':cs for analgsis 5Patia| structure from

galaxy I'CClSl‘lf'Ft catalogue:

\/olumc~limitcd surveys:

~ uniform sPatial coverage, incluc[ing all galaxies within volume to clepth cls
- a”galaxies with an absolute brightness > survey limit ]\/‘5

M, =m,, —5logd, —25-k(z)

- c!iminisl’;ing samPling clensity & spatial resolution
as one wishes to include |arger volume (exclucling all galaxies M>M5)

Magnituchimitcd survey

- include all galaxies with apparent magnitucle brigl‘wter than m,
~ assures oPtimal use of 5Patia| galaxg catalogue
~ atthe Price of an non-uniform spatial coverage &

diminishing resolution towards l’iigl‘:er clcp’chs

44.5°

8.5°

16 h 8
Thc CFAZ

redshift surve
(Northern Hcmi_sphél;é) Y

.} 101 Mpc/h

Redshift:

v=cz ~ Hr + vy

. /A magnitude-limited sample,
S P
e ig°
N =4933 galaxics

Figure courtesy: V. Martinez

1/18/2013
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4450 =

8.5°

16 h 8
bl A
redshift survey . o o
(Northern Hcm}ig@héfe) L o S

v
TN
A

Avolumc-limitcd sam Ic,

M< 5.5~ 5log(D@E)) - 25 - Kz
N = 905 galaxics

FPhotometric Redshifts

29



Photometric Redshifts

o |nstead of measuring the clcctromagnetic spectrum of the ga|axics in
a survey, one may get a goocl estimate of the redshift on the basis of the

Photomctry and colours of the objects.

COMBO-17 +4

23 2k

[ \.I! {
+« 1

A s 1'*3

1600 1800

000 1200 1400

FPhotometric Redshifts

Practical ]mplcmcntation: e H\l][rz .
oY o synthetic SEDs
* Photometric redshifts s mtatalo o Y
determined bg {:itting to S e o
reddenin,
Standard SED galactic d:ro..-ldn:l.r\g ;ﬁ::rné{;;;
(SED: spectral energy distribution) convolution with filters
1
. Tai(ing into account: observed flux expected flux
-spcctra| type ¥e B Fu - OFnfd) \
- rcclc]cning i °
- Lymana' forest (higl'l P2) vV
~filters Z,.(2)= \: M,
e / | \ \ Pl )
. 1 . abserved
Acc:;‘acgo(iltyplcab. SpT Fi z,.\i P SED e
widely used Hyperz package

1/18/2013
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Photometric Redshifts

2,0

Photometric Redshifts 1.8 |
1.6 |
Techniquc widely 1.4
uscdforidcntifging g 1.2
higl‘lzob_jects 210
E 08
For example, & e

Lgman break results

0.4

. 0.2
mn

0.0 *

[

= Modelled spectrum of a
star-forming galaxy at z=1
Location of the Lyman
Break for a galaxy at z=1

Fu B
z NUV

2000 4000 6000 8000

v

FUV-NUV droPouts {Burgarellzll etal) Observedw. gth (Angstroms)

(1400-1800 A) T R b e [ |
o .“---
FUV NUV B Y ]

ﬁ\\\“““‘hﬁfmﬁﬂ“v

10000

Bclow the Lgman break at 912 A, hydrogen absorbs galaxg light

Photometric Redshifts

FPhotometric Redshifts:

-Accurac9 (typical):
-Az ~ 0.1

. Accuracg l‘uigl':cr as

more bancls are USCd

. Banc‘s to be chosen to
take into account
spcctral characteristics/
features

ceg. low z: (JV still

weak Point

1/18/2013
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Survcy Geometrg

[ Survey Gcomctrg

Practical |_imitations

~ | imited tclcscopc time
-~ Limited detector sensitivity

o How to oPtimauy 5amPle
structure in ( Jniverse ?

o Dcvise survey gcometrg that
reveals oPtimal amount of
Jnformation on qucstion at hand

- Patterns galaxy distribution
-Distribution high-clcnsitg Pcaks
~Dcn5it3 Field

5145 |_ocation
2-D LCRS survey slices

1/18/2013
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[ 5urvcg Gcomctrg

Survcy Gcomctrg:
«Slice Survcys:

~thin stripe on sky

~very sensitive to reveal
patterns galaxg distribution

« Pencil-beam surveys

~ Very narrow region on slcg

-very deep

~ stratcgy to Probc largcst
structures

- structure at I'ligh z (carly times)

5‘43 Location
2-D LCRS survey slices

[ 5urvcy

(1eometries

]:_xamplcs of
Slicc Redshift 5urvcys:

From
CfA22dFGRS-SDSS

1/18/2013
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[ SUWC3 Gcomctr3

Survcg Gcomctry:

°5Parsc Samplc:
- samPling clensitg field
-on scales > y _ :
intcrgalaxg distance ‘ R AT

. f:u"-skg surveys
- necessary to Probc
3namics cosmic regions

Galaxg
R edshift 5urvc-:35:

Overview

1/18/2013
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mmm—mm—mm—m
10 & «S05%
- «2dFGRS
2108 | MRS Bk SDSS—0SD,
o =
S F JDEEP VIRMOS
:?f : LORS® +2dFOSO
v N
Frok .
5 E  conocz, '2Y
= - Cfa2® _HIBASS
i Cfas E5F gpor,
SSRS* S—APM®
105 *RSa «APM —clustar
- REFLEX®
1T I TRTTTT| R MR RTINS RTTT | W RTTT WA
10 109 100 107 108 1ce 1Ow
Volume (h-? Mpc?)

L nul Ll Lol

ol

o

Comparing
Galaxy/Cluster

Redshift Surveys

“Sensitivity”
Vs,
Extent

T]”IC |argcst structures in
LCRS are much smaller than

the survey size

LCRS

«The bcginning of the end” or “the end of greatness” .R. Kirshner

1/18/2013
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S 2dfF Galaxy Rcds!ﬁhct 5urveg 90
3 U
final release
o3
= Ly
&
fx 2
- 221414 galaxies
(From Co”css etal. 2005) ,(}J

37
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SDSS survey

Largest and most systematic (cligital )] slcy survey in

history of astronomy.

]mages skg in%5 Photometric bands 1

Down to aPParen’c magnitucle r~2%.1

Covers ~25% of the slcyz 8452 5q. cleg.

\Q/ith 2dF GRS, the SDSS will Produce the most extensive map of
the

spatial structure of our cosmic neig]':bourhoocl.

Million galaxies 5ubsequently selected for measuring redshift z:
electromagnetic spectrum

Total:

skg survey: 108 stars, 10° galaxies, 107 quasars
sPectroscopyz 106 galaxies, 107 quasars, 107 stars

SPecia" dedicated
2.5m wirﬁaangle telescoPe

’
Apache Point Observatory (New Mé;ico)
’
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Aims to samplc 25% of the 5‘(3:
DRY7 - 8423 sq.deg

Photometric system 5 filters:

h
354
476
628
769
925

Driftscan mode
-5 filters:
-30CCD chips, 5 rows of 6
-S/N~5
- CCD chip: 2048x2048 pixels
120 Mbyte

Spcctroscopg
-up to 640 (fibers) per rccording

-per nig,ht 6-9 rccordings

SDSS sunvey

Alims to 5amplc 25% of the 5i<9:
DR7 - 8423 sq.deg

Photometric system 5 filters:

A
354
476
628
769
925

Driftscan mode
-5 filters:
-30CCD cl’vfps, 5 rows of 6
-S/N~s
-CCD chiP: 204-8x2048 Pixc|s
120 Mbyte

Spcctroscopg
~up to 640 (Fibers) per rccording

~per night 6-9 rccordings

1/18/2013
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SDSS survey

5~co|or

Camera

30CCD
chips

Fiber
Spcctrograpl'v

SDSS Data Kelease 7 (2008):

SDSS chacg ]maging Skg Covcragc: SDSS chacg SPcctral Skﬂ Covcragc:
8423 sq.deg. 8032 sq.deg.

41
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SDSS survey

SDSS Data Kclcasc -7 (ZOOO—ZOOS)

(0

SDSS chacg ]maging Skg Covcragc: SDSS chacy SPcctral Skg Covcragc:
8423 sq.deg. 8032 sq.deg.

a0 I T T T T T T T u = ...' T = - T T T
. SF>0.97 0.9755F>0.95 0.9555F>0.90 O 0.80s5SF>0.50 . 0.50s5F>0.00
KIAS VAGC:
value added galaxy catalog
40
o 20F
[§]
|
=13}
[¥]
=l
—
iy
ok
_20 -
s 1 1 1 1 1 1 1
#0 60 40 20 a -20 —40 -60
Aldegree]
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(4b) X b
,_..v' L
2MASS XSCz  ™Semn o _nr,_t..? 2 _ -
SDss e =

comParisor: 2MASSH

Messier 33 NGC 604

SDSS Galaxy Survey

o

weblike filigree‘of galaxies,
pervasive network.of filaments

Southern Galactic Cap i Northern Galactic Cap

1/18/2013
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SDSS Galaxy

weblike filigree of galaxigs,
pervasive network of filaments

Northern Galactic Cap

. lmaging:
230 million ol:?jects

. SPectroscoPic (Redshi survey:

magnitude limit:
ga|axies: (Petrosian) r <17.7
quasars i<19.1/i<202 (z>2.3)

ol:fjects: 928,567 galaxies
109,862 quasars z<2.3
8,802 quasars z>2.3

44



43+323340.8

WOID_01
J100542.44+511823.9

8+581832 1

VOID_|
J102819.23+523502.5

J103506 47+550547 5

J132232 48+544808

VOID_O7
J132718.58+523010.2

VOID_03
J135113.82+453508.2

J135535.45+583041.3

WOID_11
J142418.41+523208.3

T+524400.6

VOID_14
J154452 18+362545 B

-

Mapping the Galaxy Dist'ribution
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Thc Elcmcnts:
Clusters

a7
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(_lusters of Ga]a_xjcs

. RS
-* .
‘." .

Courtesy:
O. kopez-Cruz

oo
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Outstanding
relation between cosmic
environment and galaxics:

. Dcnsitg-MorPhologg Rclation

Dense regjons (clustcrs):
car’3~tgpc galaxics
(c”ipticals, SO,)
| ower Dcnsitg areas:
latc~t3pc galaxics
sPira s, irrcgulars)
e [From clusters to voids
o reflection of effects
galaxg interactions
(more frequent high densities)

1/18/2013
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Clustc—:rs o{: Ga]axnes _
X~r39 mtrac.lustcr gas

onic mat'l:er in clusi;ers et onlg ; Cooma Cluster
conf? ed to galaxies. On the contrary 0.5-2.0 keV
about 2 to 5 times more batydmcma i
in the 'Form o{:a litHu |

,hcatcc&o a tw
108 K bg’x e gravitati
t}uc dustcr Avaq'}uhg
e jonized
ing pe w‘prl:ui X-ray em
ra B radiation induce

.

- — .

ROSAT Xerayinag#Coma Clufter
KR Y e G i X

CL 0016+1609 Abell 665 MACS J1149.5+223

CL J1226.9+3332 Abell 1689 «Abell 1914
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Clusters of Ga]axics: |

Gravxtatlonal Lemses

A I*ngHy promlsmg mc’choc} to
determine the amount and
distribution of

matter in the Univcr;‘c ‘ =
looks at the w33 it aFFects :
the tr:ﬂcctoncs of Ph&on
Accordmg to ‘.
Emstcm s tlwcorg of:
(eneral Relatwstg,

gravntattonal Pétcn‘aal wcﬂa wtll

bend and Focua llgh‘t Darlc mattcr 1 -

conceni:rai:;ans act aq a

A ?ngia promlslng method to
determine the amount and
distributionof = " '

matter in the Unga'crqc L
TR

looks at the way it'aFch;s .

Accord*to . !
_ Elinstein’s thcol;g_o

Gcnera] Kclabwﬁ:g; °,,' o

grawtatsonal Potcﬂt!al wcll‘s waﬂ
bend and focus hgm Daﬂ'c ma&:ter

conccntrahong act as a 1

=

Courtesy: *

T. Broaghurst et al.
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Clustcrs of Galaxlcs._
Sunyacy-Z edovic

Sunyaev-7 el dov:ah cﬁréct

scattering thr‘oug]’;,ﬂw’ C
of CME) pho’cons ]:)3 A

hot intracluster electr

Abell 1914 z=0.17 CLCO16+16 z=0.54 M31064-C3Z1 z=C.83

Couldm
Bu”et Cluster :
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The E_lements:

Superclusters

SuPcrclusters
s (i-dozens)

Large groups of clust

leo -10"¢ M,
_ ~fe

; mild ove Hx l’CLjA]CW
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Superc]ustcrs:

SLIPCFClUStCFS are not isc

|

a[ compom ts in the PCI\

Cosmic Web

Abell 901/902 Supercluster Dark Matter Map = STAGES
Hubble Space Telescope » ACS/WFC

nd the STAGES C
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N
250 -

50

\/oids in the 1
ISDSS redshift survey :
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SDSS Voids

SDSS void near
very lonely galaxy:

0.545
054
0.535
053
0.525
052

0515

0.51

01

sampled by
galaxies different brightness:
no difference

Tl‘\c ¥ Coma”

amongst voids:

X, Bootes Void
d~50h Mpc

1/18/2013
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Thc Bootes Void.

Pootes void asrevealed by the galaxg number space clensitg ina
sequence oftive Vclimcmccrcnt recession vclocitg intervals in the
direction of the PDootes constellation on the 51(3.

The lowest contour rcPrcscnts a dcnsitg cqual to 0.7 of the
cosmic mean, cach highcr contourrepresents a factor 2 increase in

clcnsitg‘ Vclocitg ranges (km,/s):
(@) 7,000-12,000 (b)12,000-17,000 (c)17,000-2%,000
(d) 23,000-29,000 (e) 29,000-39,000

Frame (b) clcarly reveals a largc voidin the galaxg distribution,
which turns out to be rougHy sphcrical in outline.

From: Kirshncr etal. (I 987)

Void Size & Volume

Void Size
Voicl size distribution

c]cpcnclcnt on cosmologg:

Comparison FSCZ & models:

P3Cz—0py

L= R = = = = T = = =T B == =]

104 1
V (b= Mped) V (b= Mped)
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Supcrvoids 772

Claim: supervoid in NVVS radio galaxy distribution
(Rudnick et al. 2007)

Possible link with cold spot WMAP:  ISW ?

s exert a rcPulsmg

mlcal II’THUCHCC
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i ; -li_"‘, i 2 a0

L h 08 Mpdh
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—T

~ Walls and Filaments

Slogn Great Wall

- - .
G ) The ~Great Wall™ |
— —
(Geller & Hechra
1989) o

Filamentarg [ xtension across

Nortlﬁcm 2dfF Slicc

4 DTFE ;u:ndcring: W. Sc_haaf;- 4
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- Wallsand Filaments

Fisccs~Fcrscus Supcrclustcr

Canonic cxample ofa strongly flattened superclustcr consisting of

o sheet-like central region, dense filamentary boundary ridge

e Relative proximity (d~55h"' Mpc),

o (Characteristic & salient filamentary morphology,

e [Favourable orientation.
Northern boundary: ridge south-westward of Perseus cluster (A426)
Dimensions Ridge: 5h' Mpc wide

50h" Mpclength; possible 140h™' Mpc extension

Along Ridge: high density clusters, incl. A462, A347, A262

4426 A347  A262

Declination (1950)

2 0
Right Ascension (1950)  Pegasus

- —
21 em'line redshife survey,

Gioyané”i & H'ay'nes
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DecInALIon

Veloaity
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ThéCosmic Web

Nodcs ' C]ustcrs '_

Nodcs - Clusters._-j
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Declination (1950)

h
2 0
A 400 Right Ascension (1950)  Pegasus

L ¥

Yy 'Z‘f—c_m lj’nc redshift survey,
i @bya_ne“i'@‘ﬂggnés

A

lh

0
Right Ascension (1950)  Pegasus

}ﬁc redshift survey,

’ L@ova_nc”i"é"ﬁégnés
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Cosrﬁ ' ch & C]ustcrs

2 0
A 400 Right Ascension (1950) Pegasus
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—
O
~
WI\V
o
Q
-
0
=
o [
2
Q
2
v}
o

R I
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Thc (_osmic Web

Tl‘lc sPatial cluster distribution.

TI‘IC full volume of the X—ray cluster
REFLEX cluster survey within a
distance of 600h! MPC. The REFLEX
galaxg cluster cataloguc contains all
clusters brightcr than an X—rag flux of
5x10 ergs cm? overa largc Part of the in
the southern skg. The missing part of
hcmisphcrc delineates the regjon I-nighly
obscured by the Galaxg.

REFLEX: Bochn'ngcr etal. (2001)
Courtcsg: 5organi & Quzzo (2001)

C]ustcrs

Noclgs: C]ustcrs

71



Thc (_osmic Web

The sratial cluster distribution
ation to (Cosmic Web.

The green circles mark the Posntlons of

REFLEX X-ra3 clusters in the northern

and southern slices of the Las Campanas

redshift survey (LCRS Shcctman etal.
I 996) out to a maximum distance of 600h™!

Unde ing, in blue, the galaxies in
the LCRS elineate a foamlike

distribution of Fxlaments, walls and voids.

KEFLEX Bochringcr etal. (ZOO 1)
Courtcsy: Borgani & (Quzzo (2001)

PJOACS:

ancl re

C]ustcrs

Thf: (_osmic Web

PJOACS:

C]ustcrs

1/18/2013
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\arious surveys are attempting to trace
the largc scale structure out to largc

cosmic clcptl'us/rcdsl-nhcts.

o |s cosmic web trulg universal

o What about the scales of the web
(characteristic, Iargcst structures, ...)

o [ volution of Mcgaparsec scale

matter distribution.

Simulation of VIRMOS redshift

survey, web out to ]argc redshift

(comoving) [h7g Mpc] . .
B . Vanous surveys are attemPtlng to trace
20 30 40

" — | the large scale structure out to large

cosmic deptl-ls/rcdshif:ts.

o Js cosmic web tru]y universal

Dec. [arcmin]

L] Wl’!at about tlﬂc scalcs of thc web

(comoving) [A35 Mpe]

(characteristic, 1argcst structures, ...)

o E_volution of McgaParscc scale

l’;, 15 5 30 matter distribution.

relative R.A. [arcmin]
Subaru Survcg: Amazing Promincnt largc scale distribution of Lyoc emitting galaxics.
A filament at redshift z~3 2
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\arious surveys are attempting to trace
the largc scale structure out to largc

cosmic clcptl'us/rcdsl-nhcts.

o |s cosmic web trulg universal ?

o What about the scales of the web
(characteristic, Iargcst structures, ...)

o [ volution of Mcgaparsec scale

matter distribution.

Right Ascemsion {2000)

Ebeling et al. (2004):

A Filamcntary structure in between two rich clusters.

Dccp Pcncil beam survey (Broadhurst et al):

A semi—regular pattern of redshift spikcs a]ong line of sigl-nt, inclicating the passage oflas. througl-n
sl—:eets, filaments and clusters. Suggestions for a characteristic scale of ~120h"! MPc should be
ascribed to the 1-D character of the redshift skewcrthrougl—n 3-[D structure.
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T he
Gastrophysical

Web

The Gastrophgsical Web

(has in the Cosmic Web:

(UP to 90% of bargons outside galaxics and clustcrs)
- Neutral Hl gas, seenin absorPtion: Lyoc forest
“Warm/Hot ]ntcrga]actic Medium: Plﬂotoionizcd 1ot K gas
shock-heated 106 K oas (X-rau)
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Thc Gastrophgsical Web

Thc Lyoc forest:

Hl gasin the intcrgalactic medium
c]osc]y traces the clcnsity fluctuations
in the dark matter distribution.

QSO absorption lines arise due to
the line of sight intersection bg the
nevkcal hgclrogcn componcnt

Low column o‘«.hsity absorption lines
associated with shects-and filaments in

the “Cosmic ch”
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(_osmic Migration Flows

CMB Dipole:
We move wrt Universe: v ~ 620 km/s

-

Figure 11. The Cosmic Microwave Background dipole as measured by the DMR instrument of the COBE
microwave background satellite (see also Kogut et al. 1993)

(_osmic Migration Flows

L.
47L
5 |
43
£
PSCz galaxy samPIc:
Dcnsitg field .

1/18/2013
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(_osmic Migration Flows

Hifl ), [ .0 3
_, =% f( ) a / dx’ ()fl.l{rf'{ Xf' t) ["—),’
b . ' x— &

(158)

2 {h' Mpc)

FSCZ samplc:

Corrcsponding ve!ocitg field
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(_osmic Migration Flows

PSCz sample,
MaP Dcnsitg & Flow field

FS& samPIe
Flow around Local Group
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(_osmic Migration Flows

1 Mass clipole local (Jniverse
[ clcnsity matter

Largc scale flows lead to
redshift distortions:

Tl—wcsc flows are Par’c of the asscmb]g of
largc scale structures, and reach |argcst
values as matter is transpor‘tcd a|ong the
filaments into the clusters.

When maPPing the galaxg distribution in
redshift space, this induces a distortion:

° ]:lattcning along z as matter flows into

McgaParscc features (v < 600 km/s).

o [ xtension due to thermal motions
inside cluster (v ~ 1000 km/s):
“Fingcrs of Gocl"

1/18/2013
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Web Dgnamics: Alignments

O‘C outmost importancc for
understanclingthc dynamical origin of the
cosmic web is that of alignmcnts between
and around clusters oFga|axics.

Thc presence of such a!ignmcnts isan
indication for the tidal origin of the
cosmic web with the clusters as the
dominant tidal agents.

This forms an essential ingrcdicnt of the
“Cosmic Web” thcory of 5ond etal.

Work by various groups, most notablg
Flionis and co"aborators, indicate that
indeed clustcrs, and galaxics around
them, reveal signiFicant alignmcnts.

(_osmic Shear

&

ravitational Lc—:nsing

82



(ravitational Lensing

A highly Promising method to determine the
amount and distribution of matter in the
Univcrsc does not concentrate on the

way in which Dark Matter affects

the motions oFgalaxies and the
intracluster gas,

but instead looks at the way it affects
o the trajectories of Photons.

According to [instein’s thcorg omcgcncral

rclativitg, gravitational otential wells will
bend and focus light S

concentrations will therefore act

ark matter

]"ustration:

Mass Passing in
front of background
omcga]axics,
distorting their

received images.

1/18/2013
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Clusters:

(Gravitational Lensing

]”ustration:

DcPcndcnt on
whether the Iight
asses within
Einstcin radius or
outside, we deal with:

° Strong Lcnsing:

nonlinear distortions

° Wcak Lcnsing:

linear distortions

Observer Cluster of Galaxies
Background Galaxy
MNon-=1 / .
. . N\ I
R e e L )
Moultiple u R R e ;:‘ ( ( .
Images } - P A .
~ e .
Arclets - \ .
oo Oiptleal Path
Weak Shear -:0 I Wave Fronl

- == Multiple Images Area

(Gravitational Strong Lensing

Strong Lens Geometry

Y =

_4GM A (o)
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Clusters:
(Gravitational | ensing

-

F

Stron'g Lens'i.ng Avrcs:
¥ Abell2g 8"

.' z=0.175"

Galaxy Cluster Abell 2218 HST « WFPC2
MNASA, A. Fruchter and the ERO Team (STScl) * STScl-PRC00-08

Clusters:
(Gravitational \Weak Lensing

.= Weak Lct'xs.ipg_: : .: £ 4
. MSio54

*” z%ﬁj one omc;chc uh-cstz clustcfs
O .

. W;:al( Lcnsing 5tuclyl 1;9.

— Clowc et al: Kcék
- Hockstra et al-. HST

s @
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(Gravitational \Weak Lensing

Gij = (‘7)0;0”)
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(Gravitational Lcnsing

Kk = 3 (D11 + D 22)
1

"= 35 (011 — @ 22)

Y2 = Qa2

R

P4 0,00,

Lcnsing Potential
related to

Peculiar Gravitational Potential

2 [r 11
o(r) = 7/ dr' ®(r") (— - _,)
c= 40 T T

Clustcrs:
(sravitational Lensing

T T T T
o
2k i
L
MSi1054 AR
E, R
AN
gL T B NI
- i/// B | N~ 4 ,'-§
B R T I S A
E e el A A
. z=O.8§oncomcthchighcstzclustcrs 307: - :T: I ’: / ; : 7 L \T?r' - I 4
o - -\
R B i R R A 2 N A B PR WA N
. B I N T Y
° H H
Studiedby
EI_ J2 N A = = o] i b
— Clowcctal. chk P~
A
s
—~ Hoekstraetal. HST 2L ]
]
. . . . .
—200 —1o0 0 100 200

Relative RA / arcsec
5}1631‘ maP
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Clustcrs:
(Gravitational Lcnsing

P |

—200
Relative BA (arcsec)

-100 0 100 200 300

SLB 03_War_2000

MSi1054 :
§ L
, 2 ;
e z=0.8% one of the hxghcstzclustcrs g=r -
+ Studied by z :
— Clowc etal. chk ' _-E
- Hoekstraetal. HST 2L
( lusters:
( .Jravxtatlonal Lensmg
".- . “‘ H0.25
5 100 &
g‘ 0.2
g 0 g”
= G.15
i
—100
—200
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Clusters:
Comparison Lensing & X-rag

Projected Mass (Mg)

Same substructure seen in

105 F T T T T T T T T L
F e weak lensing and X-rays
r e
I L LA
- g
i Tyson et al. 98 I‘.’,- i
Broodhurst et al. 00 " ’
14 L : -
10 F s 3
E Ota et al 04;,.'!,,., =2 3
c ” ]
L - 4
Ka
L - 4
~’-
108 & 7 =
Fs E
4 7
10‘2 = -
Fe, =
# ] |
1l Ll .

0.01 0.1 1 X-ray overlay on HST image
r (Mpc)

(Cl oo24+17

(Cosmic Shear
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the WCID:
Shcar Distortions & Lcnsing

[_argc scale tidal shear distorts the Paths
of Photons as theg travel from their
source to the observer.

This effect is known as “gravitationa]
lcnsing”. For moderate distortions,
outside the [ instein radius (“weak
lensing”),

the distortions ofgalaxg shapes can be
measured and inverted to giclcl the
(Projected) clistorl:ing mass distribution.

Clusters are outstanding, rePrcsenting
rnajor Potcntial wells.

but also the gcncric Megaparscc matter
distribution “lenses”:

Cosmic Shcar

1/18/2013
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the WCID:
Shear Distortions & Lensing

Although the cosmic sheardue to a
filament is considcrably weakerthan that
of the clustcrs, recently

succeeded in maPPing the filament
between AZZZ and A§§’,‘v onthe

basis of the measured Icnsing.

2000)

(5]

a (J

T his shows that filaments are shown to
be genuine dynamical entities.

the ch:
Shear Distortions & Lcnsing

Firstgcnuine map
Large Scale
Cosmic Dark Matter distribution

by means of weak lcnsing:
Clcarly visible is the Fi]amcn’cary
Weblike nature of the mass

Distribution.

Massey etal. 2007
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the WCID:
Shcar Distortions & Lcnsing

First genuine map
[_arge Scale
Cosmic Dark Matter distribution

by means of weak Icnsingz

Clcarly visible is the Fi]amcntary
Weblike nature of the mass

Distribution.
Masscy etal. 2007
\Rs

WA Az W0 \eR
gt ascension i
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